I n the 1960s we were working in Al Cotton's lab at MIT, inspired by Chris Anfinsen to try solving the crystal structure of Staphylococcal nuclease, a model system for protein folding without disulfides. At that stage, for us as ''amateurs'' with no connections to the initial protein crystallography groups in Britain, this meant reverse-engineering the methods from the published descriptions and the resulting structures, which took us 7 years. That was a fascinating, educational, and mostly very enjoyable process. Fortunately, there was little external time pressure, because both Cotton and the other MIT crystallographers (such as Martin Buerger) considered it as an extremely long shot, and no one else knew that we were trying. Ted Hazen, as senior postdoc, did the protein chemistry and heavy-atom derivatives (cloning was decades in the future), developed crystallization conditions, and read the literature. Dave, as graduate student, grew the crystals, brought the equipment up to snuff, and wrote the computer programs (in Fortran, first on the IBM 7090/7094, then 360, then on the first time-sharing system, which we monopolozed on the night shift). Jane, as technician, coddled the data (first on film and then with paper tape and punch cards on the diffractometer), typed in Dave's programs, and hand-drew the map contours. And we all worked together to understand the methods and the molecule. In the final couple of years, the three of us had
help from Jim Bier, Arthur Arnone, Victor Day, and Ada Yonath.
The nuclease crystals grew better if joggled, and one form had the charming property of showing the molecular asymmetry in their external morphology: as shown in Figure 1 , one end of the 4-fold prisms (space group P4 1 ) terminated with rhombic faces and the other end with triangles. 1 We eventually got diffraction to 2 Å resolution, and solved the phases with multiple heavy-atom derivatives plus anomalous dispersion (overkill, actually). The final map, in 1969, was very cleanly interpretable and taught us what protein electron density really looked like, with three a-helices, an antiparallel b-barrel, and elegant arginines binding to the phosphates of the nucleotide inhibitor. Figure 2 shows a brass Kendrew model of an Arg and Phe on top of the big stack of glass sheets for our density map, with the guanidinium Hbonding between a backbone CO and the heavy, triangular density of a phosphate. That 2 Å map, well phased and produced by Fourier transforms on the best computers of the time was very accurate. But in those days the process of fitting the model to the density and then deriving 3D atomic coordinates from the model was amazingly primitive and inexact. At first we built a model separately, from measurements to beads pushed into the stack of contour-drawn glass sheets. A better modification involved hand-building of the brass model into the map image as seen through a half-silvered mirror in a ''Richards box,'' 2 but model coordinates were measured with a plumbbob and ruler. Refinement was also not possible. Therefore, those coordinates (deposited to the PDB 3, 4 in April 1973 as 1SNS) are rather accurate but very imprecise. They were obsoleted in 1982 by 2SNS, with extra data to 1.5 Å but actually an even more imprecise model because a pioneering maximum-entropy refinement method was used. 5 All punch-card and magnetic-tape forms of our original structure factors were lost over the years, but we still had printout; Lizbeth Videau entered and checked them, and they are available in the obsolete section of the wwPDB ftp site as r1snssf.ent.gz. Unfortunately the 2SNS structure factors were never deposited and so cannot be rerefined with modern methods.
At the time, we figured our nuclease had tied for tenth distinctly different protein structure with cytochrome C. 6 But it was probably eleventh, as well as we can reconstruct the timing: after myoglobin/hemoglobin, 7, 8 hen egg lysozyme, 9 ribonuclease A/S, 10,11 chymotrypsin, 12 papain, 13 carboxypeptidase, 14 subtilisin, 15 lactate dehydrogenase, 16 trypsin
The external morphology of these Staphylococcal nuclease crystals is reproducibly asymmetrical, one end terminating with four rhombic faces and the other with four triangles. This makes visible much of their internal organization: the handed, asymmetric nature and orientation of the protein chain in the asymmetric unit, related at the next level by the handed, directional 4-fold screw axis of space group P4 1 .
FIGURE 2
Photograph down into the stacked, hand-contoured glass sheets of the 2 Å resolution electron density map of Staphyloccal nuclease, with a brass Kendrew-Watson model of the Phe34-Arg35 conformation on top.
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inhibitor, 17 and rubredoxin. 18 Publication, as well as most other things, was more leisurely in those days, and the 2 Å chain-tracing paper for Staphylococcal nuclease came out in early 1971. 19 After a year's interlude at NIH in Chris Anfinsen's and David Davies' labs, in 1970 we moved to Duke University. June of 1971 saw the Cold Spring Harbor Symposium in Quantitative Biology that is considered the birth occasion of the Protein Data Bank. We were there (Figure 3 ), although as quite minor players, and were not involved in the PDB planning. Al Cotton spoke about the Staph nuclease structure, 20 Alan Schechter about its biochemistry, 21 and Oleg Jardetsky about its folding. 22 We were particularly fascinated by the spirited, continuing discussions about the allosteric mechanism of hemoglobin, which often took place outdoors on the grass. At Duke, we worked on the crystal structure of Cu,Zn superoxide dismutase. It was then the biochemistry departmental enzyme-Irwin Fridovich had discovered its function, 23 Bob Hill determined its sequence, 24 and we grew crystals and solved the structure. 25 The a-carbon coordinates for the 2 dimers in the asymmetric unit were actually published in print, 26 and were deposited in the PDB as 1SOD in 1975.
Our 1SNS and 1SOD were 2 of about the first 20 proteins deposited into the PDB, and we also contributed the coordinates to Richard Feldmann's AMSOM microfiche atlas. 27 That was the era when our lab developed "Byron's bender," a device for making physical Ca-backbone models from 1/8" steel wire, 28 which was the method of choice for several years until computer graphics became practical. SOD was used as the ''driving problem'' for developing the Grip-75 system in Fred Brooks' computer graphics lab at UNC-Chapel Hill. 29, 30 Grip-75 used a specially designed mainframe to support the interactive calculations (displayed in black&white), and had a marvelous set of input control devices for viewing and changing the model in the map. The full-atom model of SOD was the first one ever built in interactive computer graphics before a physical model 31 ; within a few months Greg Petsko's neurotoxin became the first structure built at UNC by an outside group. 32 Many crystallographers visited UNC to fit their models in the 70s, and it was the conceptual basis from which Alwyn Jones developed the more portable Frodo system. 33 Refinement of protein structures had become feasible by then, and we used ProLSQ (Hendrickson 1979 ) to refine the 4 Cu,Zn SOD chains in the asymmetric unit. However, the process was still slow, expensive, and as yet involved no quality controls except bond lengths and angles and the R-factor to data. In 1980 1SOD was obsoleted by 2SOD, complete coordinates with data out to 2 Å , rebuilt, refined, and analyzed. 35 That was a great improvement, but still scores very badly on modern validation such as MolProbity. The SOD structure factors were lost (files deleted by the computation center because they were more than 2 years old), so we can't repair the problems-extremely embarrassing for us! In the 1980's we were signatories on the letter spearheaded by Fred Richards that successfully urged coordinate deposition policies for journals, for NIH, and for the crystallographic community. In the 1990s, as first head of the PDB user group (at Brookhaven), Jane lobbied successfully for the initial version of the biological unit file.
RIBBON DRAWINGS, ON PAPER AND ON-SCREEN
A list of atomic coordinates stores the information, but is essentially useless for human comprehension. Physical models of brass or plastic or steel are excellent if you can handle them in person, but are time-consuming to make and don't communicate well in print. We started to address this problem in 1969, when Chris Anfinsen suggested attaching tygon tubing along the backbone of the Staph nuclease model we had built in his lab at NIH, and filling it with fluoroscein or rhodamine dye that could show the chain trace under UV light (Figures 4a and 4c ). The final result is eerily reminiscent of later computer graphics. It is smoothed somewhat, but the b strands still wiggle, and one still has difficulty following the course of the chain from N to C terminus. Jane used those photos to make a further simplified ''worm'' drawing ( Figure  4d ), in this case to show the cleaved parts of nuclease that can still fold stably. Dave later taught himself to draw the he- moglobin tetramer as a worm on the blackboard in class, with the helices as wider swaths of chalk. This process had sensitized us to backbone shapes, and while working toward the SOD structure we moonlighted by going into what would now be called structural bioinformatics-looking for 3D patterns that recur in many different proteins. First was the discovery that b-strand crossover connections are essentially always righthanded, 36 published nearly simultaneously by Janet Thornton's group. 37 Once SOD had been traced and we had a bent-wire model of it, we encountered David Davies carrying a bent-wire model of an immunoglobulin domain and both immediately recognized the similarity of folds, which had not been evident from the published figures. That led to description of the Greek key b-barrel fold 38 and to further classification of b-sheet topologies such as singly-wound TIM barrels and doubly wound Rossmann folds. 39 Later we described b-bulges, 40 helix N-caps and C-caps, 41 the tyrosine corner, 42 the negative design of edge b-strands to prevent aggregation, 43 and an allangle conformer library for RNA backbone, defined for the ''suite'' unit from sugar to sugar and given 2-character names such as 1a for A-form. 44 Such descriptions of folds and motifs are one important way for people to remember, compare, and interpret the PDB's structures. In 1979 Anfinsen, as an editor of Advances in Protein Chemistry, persuaded Jane to undertake a review article Studying and Polishing the PDB's Macromoleculesabout 3D protein structure, at both the fold and the local level. As a major feature, it would try to address the difficulty of representing protein 3D folds comprehensibly on the printed page, standardized so that similarities would be clear. She spent an entire year working out convincing, clear representations (some adapted from the few earlier drawings, others new), learning how to draw them, and illustrating all 75 distinct protein domains then known. Getting the right degree of smoothing was crucial, and the translation into ribbon requires different rules for helix, strand, and loop. Details of the drawing methods and their rationale are explained further in, 45, 46 and http://en.wikipedia.org/wiki/ Ribbon_diagram. The ribbons were first done as high-contrast line drawings in ink, but a few favorites were hand colored, such as the TIM and SOD shown in Figure 5 . Then Jane and Dave both spent most of the following year researching and writing the text and photographing the drawings for the 174-page ''Anatomy and Taxonomy of Protein Structures'' ( 47 ; on-line with annotations at http://kinemage.biochem.duke.edu/teaching/anatax/). The ribbon drawings were immediately accepted as a helpful interpretation, used for specific structures, as textbook illustrations, and as book and journal covers. The idea of ribbons has even found its way into the ingenious logo of the wwPDB Foundation ( Figure 6 ).
Very soon there were software adaptations of the ribbondrawing concept, first simply to automate producing 2D images, but soon for the huge advantage of interactively rotatable ribbons. The various early versions each simplified some features, such as using unsmoothed peptide planes in the loops, showing helices as cylinders, or using simple spline smoothing throughout (which makes helix a narrow, stretched spiral along the axis). The first system to reproduce the handdrawn conventions was Mike Carson's Ribbons program, 48 which applied a curvature-based correction to move the helix spiral out to the cylinder traced by the polypeptide backbone. This algorithm was immediately adopted by Dave for his Chaos program on the Evans & Sutherland vector-graphics hardware, and has been used by most later molecular graphics software including Dave's Mage 49 and Ian Davis' KiNG, 50,51 as for instance in Figure 7 . The kinemage graphics system that underlies Mage and KiNG was developed by Dave in 1990-92, in order to support interactive macromolecular displays on the first small personal computers. Its difference from nearly all other molecular graphics is that its storage medium is a generic intermediate display-list file (including ribbons as well as stick models, dot surfaces, map contours, lines, labels, explanatory text, etc.) that is human readable and editable, and rather easily read by other programs as well. These days even we normally edit kinemages on-screen rather than in the ASCII-text kinemage file, especially since Mage and KiNG also support rebuilding the model. Computer-drawn ribbons do a much better job of helices, following bends or widened turns without sacrificing the perception of continuity, and letting the ribbon plane flare out slightly as the peptide planes do, which shows chain direction to the 3D-literate viewer. On the other hand, they are often not as effective as the hand drawings at disambiguating the chain trace or at giving a sense of beta structure as coordinated sheets rather than a collection of individual strands. And, of course, an interactively movable ribbon beats any 2D image for true structural comprehension, if not always for the contemplation of beauty. Although extra features such as cast shadows are more distracting than helpful, well-done shading and rendering add a great deal to the 3D realism.
Ribbons have become an indispensable part of the process of understanding the 3D structures of protein and nucleic acid molecules. Java-based graphics such as JMol 52 or KiNG can
give a rapid glance at overall structure, interactive in 3D directly on a web site. Sophisticated systems such as UCSF Chimera, 53 KiNG, or Warren DeLano's PyMol (http://sourceforge.net/projects/pymol or http://www.pymol.org) allow the user to build from the ribbon as a memorable frame of reference in 3D, and then add more detailed local representations of the features of interest for some particular question at hand.
VALIDATING AND IMPROVING MACROMOLECULAR STRUCTURES
The Richardson lab works at spreading molecular 3D literacy-through education, 54 through user-friendly ways of describing and visualizing 3D structures, and through developing methods for evaluating and improving the global and local quality of those structures. A second problem in getting the most out of the PDB's structures is that their accuracy varies a great deal both between and within entries. As illustrated in Figure 8 , resolution is the most important global variable determining model quality. Near 1.0 Å resolution every atom is seen clearly, so that the details of backbone, sidechain, and ligand conformation are unambiguous. At 3-4 Å , in contrast, many sidechains are reduced to small nubbins, so that people and software scrunch them down into the density when actually some atoms should be outside the contours. This often produces wrong conformations (such as the backward Leu and Val), bad geometry, steric clashes, and even, more often than one would like, the sequence may be fit out of register. At 3-4 Å resolution the overall fold and comparison to related structures are almost certainly correct, but conformational details cannot be trusted. At 2 Å resolution, most details are quite reliable but there are occasional mistakes that displace atoms by considerable distances, usually identifiable by a combination of validation checks. At the local level, the crystallographic "B-factor" is the most important variable for determining accuracy-it measures how smeared out the electron density is, either from molecular motion or from some type of error. Even at atomic resolution, if atoms are fit in a high-B, disordered region they are very likely to be incorrect. Average B-factors get higher as resolution gets lower, and they are not treated the same by different software or protocols. But for local evaluation of reliability within a structure, check out some backbone B values in the core and make sure that B's in your region or ligand of interest are not over twice as high. [Some graphics programs can show B value for a selected atom, and in the PDB file for a crystal structure each atom record gives x, y, z, B, and occupancy.] If you are looking at an NMR structure, you need to consider the local variability of the models in the ensemble. Again, large variability can result from motion, from error, or from missing data-but in any of those cases it means that the positions or conformations are not well determined.
Complementing resolution and B-factor are model-validation tools, first developed around 1990 with sidechain rotamers, 55 bond length and angle geometry and Ramachandran (f,w plot) measures, 56, 57 and Rfree cross-validation of model-to-data match. 58 We had been doing protein de novo design ( 59, 60 ; 1FLX, 2FLX), producing the correct secondary structure and fold, and formulating the principle of negative design, but learning that uniqueness is harder to achieve than stability ( Figure 9 ). Most importantly, we concluded that one reason for the then-general inability to produce well-ordered, FIGURE 7 Computer-graphics ribbon schematic of the trimeric human divalent-cation tolerant protein CUTA, from the SECSG (1XK8 78 ). Drawn in KiNG. 51 native-like designs was the lack of explicit H atoms and of a sensitive measure of internal packing. 61 To remedy that, we developed the Reduce program to add all hydrogens, optimizing each local H-bond network with OH and NH3 rotation, His protonation, and 1808 flips of Asn/Gln/His groups, 62 and developed the all-atom-contact analysis method to evaluate and display all atom-atom steric clashes, H-bonds, and favorable van der Waals contacts. 63 ). It provides a very easy way to run all-atom-contact validation on a structure uploaded by the user or fetched by code from the PDB, with interactive display of flags on the 3D structure directly on-line in KiNG 64 as shown in Figure 10b for the startup overview; full detail can be turned on for local study.
No single validation measure can catch all problems in a 3D model, because each is sensitive to different features and because any one specific measure can be optimized at the expense of everything else. Therefore, to make a broadly effective validation service we included updated versions of the traditional geometry, Ramachandran, and rotamer criteria, implementing B-factor filtering, smoothly contoured reference distributions, and new features such as the Cb deviation and the omission of always-incorrect ''decoy'' FIGURE 9 Summary of conclusions from Richardson-lab work in early de novo protein design. 61 The ribbon schematic shows the designed model for the Felix 4-helix-bundle, native-like sequence composition de novo design 60 (1FLX in the PDB model section). Ribbon drawn in Mage. 49 
FIGURE 8
Comparative information content and its consequences at high vs. low resolution, for the same turn of helix in hemoglobin (b 108-111). At 1.25 Å (2DN2 79 ) in a well-ordered (low B-factor) region, each atom is observed and conformations are unambiguous. At 3.5 Å (2QLS 80 ) even in the best parts the electron density is smoothed out; in helix the backbone conformation can be inferred, but sidechains are too-small, uninformative blobs that are routinely misfit: here with a rotamer outlier (gold), a Cb deviation (magenta ball), and two serious allatom clashes (hotpink spikes), confirmed as incorrect by the high-resolution structure.
rotamers. 66, 67 The validation scores and percentiles are summarized on MolProbity as a ''traffic light'' display and individual outliers are listed and flagged for each residue in a sortable chart ( Figure 11 ) and displayed in 3D on a ''multicriterion'' kinemage such as in Figure 10b . We also work on describing and validating RNA structure, concentrating especially on the full-detail backbone conformation which is difficult to fit well because it has six variable angles per residue and is not seen very clearly at the resolutions typical for large RNA structures. 68, 44, 50 MolProbity reports geometry, ribose pucker, and backbone-conformer outliers for RNA ( Figure  11 ). The site has many forms of output: the multicriterion kinemage graphics file to guide rebuilding each problem to the electron density in KiNG, a script of jump-to buttons for rebuilding outliers in Coot 65 (either independently or as linked directly to the MolProbity-style validation within Phenix 69 ), tables of scores, Ramachandran plots, strings of RNA backbone conformers, etc.
Validation criteria have improved over the years, as a function of larger and more accurate reference datasets from the growing PDB and also from better methods for smoothing, filtering, and classifying the data. ProCheck Ramachandran measures came from the 100,000 total residues in the 1991 PDB with no filtering at all; our original MolProbity Ramachandran used our Top500 dataset of structures filtered by resolution and B-factor to give 100,000 high-quality residues 67 ; now we are using the Top8000 data with over 1.5 million filtered residues. This lets us split them into six classes: general-case (16 amino-acids), Ile/Val, Gly, transPro, cisPro, and pre-Pro. Figure 12 shows the glycine Ramachandran data (over 100,000 residues) and the favored/allowed and allowed/outlier contours.
The wwPDB has made two very important recent developments. The first was the mandate requiring deposition of x-ray or NMR data along with coordinates, as of February 1, 2008 , which means that structures can be better validated and can be rerefined as methods improve in the future. The second is the wwPDB's project to constitute Validation Task Force committees and to implement their recommendations, first for x-ray crystallography 70 and now also for NMR, SAXS, and cryo-EM. 71 The x-ray VTF has recommended a broad but well-tested set of global and local criteria for validating data, model-to-data match, and model quality. Several of the criteria come from MolProbity (clashscore, rotamer, Ramachandran, ribose pucker), but will require modification to match the recommendations. A central feature of the global scores will be per-structure percentiles on two systems, one relative to all PDB x-ray entries, and one relative to the structures at similar resolution. 70 Figure 13 uses clashscore to show how resolution-dependent percentiles for clashscore are determined from the reference data, with smoothed lines at the quartile and extreme 1st and 99th percentile boundaries. The new VTF system will be used at deposition, summarized on each entry's PDB web page with per-residue and other details available, and a fairly complete summary will be provided for the use of journal referees. Such provision of clearer and more complete validation information at the PDB will make it much easier for end-users to evaluate the quality of structural information, and will probably motivate further efforts at accuracy on the part of depositors, who can now take advantage of better tools than previously available. Diagnosing problems by structure validation is useful, but what really motivates us is being able to cure the problems. All-atom contacts have proven very effective at that, because they are local and directional, and so they usually give good clues about what needs to move in what direction. They are the basis for the correction of Asn/Gln/His 1808 flips done automatically for the user in MolProbity, and they can be displayed interactively in KiNG and in Coot 65 as an important guide for manual rebuilding. A frequently encountered, but usually satisfyingly correctable, systematic error is backward fit of a Cb-branched or Cc-branched sidechain (Thr, Val, Ile, Leu); the rebuild needs to consider both all-atom contacts and density fit. Figure 14 illustrates an example, for a backward-fit ''decoy'' rotamer of a branched-Cc Leu. It should be kept in mind, however, that although the great majority of rotamer or Ramachandran outliers are mistakes, a few of them are valid conformations held in an unfavorable conformation by hydrogen bonds or local packing; those cases are often at active or binding sites and apt to be interesting.
The first, traditional, use of validation was applying it as a final sanity check before deposition. The second stage is to use it often during the process of structure solution, and try rebuilding the outliers manually. The third stage is to automate such diagnosis and correction. We undertook Stage 2 at production level in a collaboration with Wolfram Tempel and B.-C. Wang at the SouthEast Collaboratory for Structural Genomics, rebuilding 30 of the SECSG structures as part of their high-throughput pipeline. 72 We found that all major model criteria could routinely be improved 5-to 10-fold over control cases or typical PDB entries, with modest but consistent improvements in R and Rfree. 73 One of the largest and lowest-resolution of the 30, 1XK8 78 at 2.7 Å with a MolProbity score of 1.36 (100th percentile), is shown in Figure 7 . What we learned in that process was applied to improving the MolProbity service, 64 and is currently enabling Stage 3 automation in the Phenix software project, 69 such as pucker-specific refinement targets for RNA and the ability to autofit rotamer outliers in phenix.refine. As another learning exercise with significant biological fringe benefits, we work on improving both RNA and proteins in ribosome structures 74 ; a simple example of an rRNA backbone correction is shown in Figure 15 . This suite, that starts the S motif in the ribosomal 5S RNA, was a clear outlier both in all-atom clashes (cluster of red spikes) and in the consensus RNA backbone conformer system (marked as !!). It has been successfully rebuilt both manually in Mage and by the FIGURE 11 MolProbity validation summary and the top of sortable multi-criterion chart, for 1CX0. The balance of good "traffic light" summary colors and the 67th percentile MolProbity score show that this is an about-average quality structure, actually very good for this pioneering large RNA. 81 The per-residue details in the chart (sorted by rotamer), or in the kinemage, could guide rebuilding of the local problem areas.
FIGURE 12
Ramachandran plot for the 116,789 glycine residues with B-factor 30 in the Top8000 dataset of protein chains, colorcoded by the number of datapoints in each 0.18 f,w bin. Inner contour (symmetrized) encloses 98% of this quality-filtered data (favored region) and outer contour encloses 99.9% and excludes 0.1% of the data (the Ramachandran outliers for Gly). 
FIGURE 14
Rebuilding a clash and rotamer outlier in KiNG, Leu 60 of 1CX0, which tops the rotamer-sorted chart in Figure 11 and is visible above the helix at lower left in Figure 10b . (a) As deposited; (b) rebuilt in a good rotamer, with much better all-atom contacts and an equally good fit to density.
FIGURE 15
Correction of an RNA clash and backbone-conformer outlier. Suite 77 of the archaeal 5S RNA 82 (1S72 and other Haloarcula marismortui 50S ribosomal structures) has an all-atom steric clash of [1.0 Å overlap and is a suite-conformer outlier (!!). When corrected to a 5z conformer it gains a backbone H-bond (green dots), fits the density a bit better, and matches the usual Smotif conformer string of 1a,5z,4s,#a,1a. 44 automated RNABC system. 75 Our current research emphasis is to broaden the benefits of model improvement to difficult crystal structures-to RNA, to multiple conformations at high resolution, and especially to large low-resolution structures and complexes. Overall, the use of MolProbity has continued to grow exponentially, and it is now generally accepted as state-ofthe-art for macromolecular crystal structure validation. The most gratifying aspect for us has been seeing an impact on model quality for worldwide depositions to the PDB. Figure 16 plots all-atom clashscore vs. year for new depositions to the PDB. All-atom contacts (and also Reduce's Asn/Gln/His flips), are still unique to the MolProbity site or to adoption in other systems such as Coot, PSVS 76 and
Phenix. Both those scores were constant before the introduction of MolProbity in 2002, but have improved by about 30% since then. 64 We feel, therefore, that we have helped the PDB, in return for all it has done for our research over the years.
